have been widely used in many fields. However, one of the bottleneck problems of RUAV control is how to ensure its motion steady under huge external disturbances such as wind. In this paper, a new algorithm on disturbance estimation is proposed using UKF algorithm and acceleration measurements. Firstly, the disturbance is regarded as an expanded state of the attitude dynamics of RUAV which is actuated by white noises; subsequently, the expanded dynamic system is rewritten into discrete form thus the UKF strategy can be utilized; then, UKFs with different information in the measurement equations are conducted to estimate the disturbance; finally, simulations are carried out and the results show that UKF with measurements of both Euler angles and angular accelerations has the fastest response to disturbance tracking, the least mean square of estimation errors and certain extent of robustness since acceleration is supposed to be a direct reflection of disturbance.
I. INTRODUCTION
Due to their agile maneuverability and excellent capability of flight actions such as vertical take-off and landing (VTOL), hovering and near-to-earth cruise, RUAVs have been widely used in both military and civilian areas. They have played an important role in the field of surveillance, reconnaissance and disaster rescue [1] . As a typical representative of under-actuated, strongly coupling nonlinear system, many control strategies have been proposed to improve the flight performance of RUAV, including approximate linearization [2] , state-dependent Riccati equation (SDRE) [3] , hierarchical feedback control with dynamic inversion [4] and etc. According to our investigation, most of above works are carried out under the hypothesis of the accurate modeling and very few works have been concentrated on the influence of disturbances acting on the flying systems, although it is a crucial bottleneck for outdoor applications. Among these sparse literatures, the normally used methods to handle with disturbances are: (1) proposing robust controller to attenuate disturbance [5] ; (2) using ADRC approach to treat disturbance [6] ; (3) designing observers to estimate disturbance [7] . As is known to all, robust control strategies always demonstrate conservative performance since they do not make full use of information. Meanwhile, the latter two categories of methods usually cope with certain kind of disturbances and their performances would deteriorate dramatically when the states are mixed with noises.
At its first emergence, UKF are supposed to estimate parameters and states of nonlinear systems in practical use [8] [9] [10] . It aims to cope with zero-mean Gaussian white noises in the process and measurement. The unscented transformation (UT) can guarantee certain accuracy with acceptable computational load. In addition, as shown by many literatures [11] [12] [13] [14] , acceleration can be used to reflect the disturbance and improve the performance of estimation.
The innovation of this article is mainly based on the following points: (1) a UKF approach is proposed to estimate the disturbance in the system; (2) acceleration information is included in the measurements to improve the performance of UKF.
The rest of this paper is organized as follows. In Section II, attitude dynamics of RUAV with disturbance is given out, while detailed descriptions of UKF designed for disturbance estimation are exploited in Section III, which is the main result of this paper. Simulation results of UKFs with different measurement information are reported and compared in Section IV, showing high performance of the UKF with acceleration measurement.
II. ATTITUDE DYNAMICS OF RUAV WITH DISTURBANCE
Usually there are various uncertainties in RUAV, such as inaccurate measurement, bias between geometric center and center of gravity, ground effect and etc. These factors will cause disturbance in torques which further results in a remarkable undesired movement of the RUAV. For this reason, more attention should be paid to attitude in order to achieve desirable position in the presence of torque disturbance. In addition, in many hierarchical control schemes, attitude is commonly regarded as the inner loop and has a faster response.
The attitude dynamics of RUAV (also known as rotational dynamics) with disturbance is given as follows: 
It is important to point out the matrix Φ has a singularity at / 2 θ π = ±
. Fortunately, the flight condition hardly reaches this singularity condition.
III. UNSCENTED KALMAN FILTER FOR DISTURBANCE ESTIMATION

A. System Rewritten and Discrete Form
To estimate disturbance using UKF, only equation (1) and (2) is not enough, since there is no dynamic link for disturbance. To overcome this problem, another equation is usually added as follows:
where ξ is supposed to be zero-mean Gaussian white noise.
In practical use, UKF is often carried out in discrete form. Using zero-order holder, we can rewrite equations (1)(2)(3)(4) into the following form:
= is regarded as pre-known inputs.
Then we can transform equation (5) into a standard nonlinear dynamic process: 
The measurement equation can be written as follows:
where k n is also supposed to be zero-mean Gaussian white noise.
It is important to note that the measured states can be selected, which results in different performances of estimation. In this paper, three kinds of measurement information are compared, which are stated as below:
In the first case, only Euler angles are used as measurements, while Euler angles with angular velocities are measurement informations in second case and Euler angles with angular accelerations are measurement informations in the third case.
B. UKF for Disturbance Estimation
According to analysis in part A, the disturbance estimation has been changed into a standard state estimation problem which can be solved by UKF.
The procedure for implementing the UKF can be summarized as follows [8] :
Step 1: Initialization.
To get the initial value of estimated states and covariance matrix:
Step 2: Calculation of sigma points.
Step 3: Time Update. 
Step 4: Measurement Update.
More detailed description of pramaters can be found in literature [8] .
IV. SIMULATION RESULTS
The simulation parameters are chosen as follows: the inertia matrix I of RUAV is Step Disturbance In this case, the disturbance is assumed to be
The estimation results of states for UKFs are respectively shown as Fig. 1, Fig. 2 and Fig. 3 .
The estimation results of disturbance for UKFs are compared in Fig. 4 . It can be found from Fig.1a, Fig. 2a and Fig. 3a that all the UKFs can have a good performance for estimation of Euler angles since in all the cases, Euler angles are measured thus the UKFs can be regard as smoother for Euler angles. It is the same reason that UKF-2 has the best performance for estimation of angular velocities. In consideration of brevity, these states will not be shown in later discussion. From Fig. 4 , we can reach the conclusion that UKF-3 has the best performance of disturbance tracking, while UKF-2 ranks the second.
To test the robustness of UKFs for different disturbances, 2 kinds of sine disturbances are utilized in the following part.
B. Sine Disturbance with Low Frequency
In this case, the disturbance is assumed to be
The results of estimation for Angular velocities by UKF-1 and UKF-3 are shown in Fig. 5 and Fig. 6 respectively, in which the performance of UKF-3 excels UKF-1. The results of estimation for disturbances of UKFs are compared in Fig. 7 , in which UKF-3 has the best performance of disturbance tracking, while UKF-2 ranks the second. In addition, compared with Fig. 4 , we can find that the performances of UKF-2 and UKF-3 change indistinctively, while the performance of UKF-1 deteriorate dramatically. 
The results of estimation for Angular velocities by UKF-1 and UKF-3 are shown in Fig. 8 and Fig. 9 respectively, in which the performance of UKF-3 excels UKF-1 outstandingly.
The results of estimation for disturbances of UKFs are compared in Fig. 10 , in which UKF-3 has the best performance of disturbance tracking, while UKF-2 ranks the second. In addition, compared with Fig. 4 and Fig. 7 , we can find that the performances of UKF-3 change indistinctively, while the performances of UKF-1and UKF-2 deteriorate dramatically. To compare the performance of disturbance estimation quantitatively, we define the mean square of errors (MSE) as follows:
And the statistical results are listed in Table I . With previous analysis, we can conclude that UKF with measurements of Euler angles and angular accelerations has the best performance for disturbance estimation and fastest disturbance tracking, since it is a way of information infusion and acceleration can be regarded as a direct reflection of disturbance which is revealed by Newton's Second Law. In addition, it has certain extent of robustness to disturbances.
V. CONCLUSIONS AND FUTURE WORK
In this paper, UKFs with different measurement information are conducted and the performances are compared. The simulation results verify that UKF with acceleration measurement achieves the best performance since it is a direct reflection of disturbance and a way of information infusion.
In the following research, the estimated disturbance can be used into feed-forward control to compensate the real disturbance. It is also important to note that acceleration of high resolution is usually difficult to be acquired directly. As a result, finding ways to estimate the acceleration will be taken into consideration in our later study.
